The effects of estriol and estradiol on the plasma levels of cortisol-and thyroxine-binding globulin activity, and on the secretion rates of aldosterone and cortisol were studied in man. The metabolite estriol had no consistent or significant influence on plasma levels of the hormone-binding globulin activities; the hormone estradiol increased these binding capacities significantly, as expected. Cortisol secretion rate rose slightly after estriol but was unchanged after estradiol. Both compounds induced substantial increases in the aldosterone secretion rate of most treated subjects. The mechanism of this apparently paradoxical effect of estrogens is not clear; it is suggested that the "salt-retaining" action of estrogens is mediated in part by the rapid enhancement of aldosterone output which follows their administration in man. Balance experiments in four subjects suggest that both estradiol and estriol may induce a transient early natriuresis in man; but other mechanisms for estrogen stimulation of aldosterone secretion may be operative as well.
Introduction
Estriol is quantitatively the most important metabolite of estradiol, being derived from this hormone and related precursors such as estrone, via a chemical transformation which is not reversible in vivo (1) . Its production is known to increase extraordinarily in pregnancy, reaching levels of 60 mg/day or more during the last trimester of a normal human gestation (2, 3) . These amounts exceed daily production of this compound in the nongravid state by a factor of 1000 or more, thus raising the possibility that this steroid metabolite might contribute to certain of the physiological and chemical alterations known to accompany pregnancy, or participate in certain biological effec1es generally attributed to its-precursor hormone, estradiol.
Recent studies from this laboratory have in fact demonstrated that estriol, like estradiol, was anabolic and significantly diminished spontaneous and certain secondary or experimentally induced hydroxyprolinurias in man (4) , substantially reduced the incidence and severity of experimental immune arthritis in the rat (5) , and in appropriate amounts regularly impaired liver function with respect to dye disposal in both man and the experimental animal (6, 7) .
In the present study the effects of estriol on certain endocrine factors known to be altered dur-1768 ing pregnancy were examined and compared with those effects induced by the natural hormone estradiol. The endocrine parameters chosen for study were the levels of the plasma-binding protein activities for thyroid hormone and for cortisol, and the secretory rate of aldosterone, all which are known to be elevated in late pregnancy (8) (9) (10) or during estrogen treatment (11) (12) (13) . The secretory rate of cortisol was also measured during estriol and estradiol treatment and one possible mechanism of estrogen-induced hyperaldosteronism was tentatively explored.
Methods
Patients under study were housed on a metabolic ward, and, when indicated for this or concurrent investigations, were given constant diets or maintained on fixed intakes of sodium and potassium. The short control periods shown on the charts depicting the balance studies represent the last several days of a 7-10 day period on the constant diet prior to the initiation of steroid treatment. The majority of the patients studied had musculo-skeletal diseases; none had detectable renal, hepatic, or endocrine abnormalities, except as noted. Steroids were prepared as described in an earlier study (6) . The steroid solvent vehicle alone was shown to be inert, with respect to the endocrine indices studied.
Analysis of urine sodium and potassium was performed by flame photometry or atomic absorption spectrometry; urine creatinine was measured by a minor modification (without heating) of the method of Bonsnes and Taussky' (14) . Thyroid hormone-binding globulin was measured indirectly using the triiodothyronine (Ts) resin uptake method of Sterling and Tabachnik (15) , or the commercial Triosorb (Abbott Laboratories, Franklin Park, Ill.) technique. Cortisol-binding globulin was estimated by fractionation of 1 ml of plasma containing 0.1 ,uc (1.6 /hg) of cortisol-4-'4C on Sephadex G 50 columns (16), a slight variation of the method of De Moor, Heirwegh, Heremans, and Declerck-Raskin (17) . All plasma was heparinized and stored frozen until performance of the tests. Specific activities of urinary tetrahydrocortisol and tetrahydrocortisone (18) and "tetrahydroaldosterone" (19) after injections of radioactive cortisol and aldosterone were used to measure aldosterone and cortisol secretion rates concurrently by double isotope derivative methods as previously described (20) . Routine statistical methods were utilized (21) .
Results
Estrogen effects on thyroid hormone-binding globulin (TBG). 13 CBG capacity. It is of interest that 5 mug of this hormone was able to evoke practically as much of an increase in plasma CBG capacity as was 50-100 mg (Table II) , suggesting that the amount of this hormone excreted in pregnancy (which may exceed 5 mg/day) probably already provides the maximal estrogenic stimulus for CBG production.
Evidence that CBG production is actually increased after estrogen has been reported by others (22) .
Estrogen effects on the secretion rate of cortisol (CSR). The CSR was studied before and after steroid treatment in 12 subjects, 7 of whom received estriol 10-40 mg/day for 5-10 days, and 5 of whom received estradiol 5-20 mg/day for 3-10 days (Table II) . Estradiol did not consistently or significantly alter the CSR in either direction; it is of interest that the CSR in none of the estrioltreated subjects decreased and that the increases noted in two subjects during steroid treatment (S.B. and E.W.) exceed 50%. The mean CSR increased only by 4.1 mg/day after estriol, although this increase was highly significant (P < 0.001). However, the CSR values in all periods remained within the normal range. Estrogen effects on the secretory rate of aldosterone (ASR). The ASR was studied before and after steroid treatment in 19 subjects, 11 of whom received estriol 10-40 mg/day for 5-11 days, and 8 of whom received estradiol 5-40 mg/day for 3-10 days. In six subjects the ASR was determined twice during the control period; and in three subjects two or three times during the period of steroid treatment. The upper limit of normal for the ASR on a diet containing 120 mEq of Table III . One patient in this series (E.K.) was being investigated for the presence of an aldosterone-producing tumor. S.M. had primary aldosteronism with depressed plasma renin activity due to bilateral nodular adrenocortical hyperplasia. One patient had hyperparathyroidism due to metastatic parathyroid cancer (J.F.). K.R. was a 54 yr old man with active acromegaly; four subjects (M.T., P.D., V.C., R.G.) were on 20 mEq/day sodium diets and subject V.C. had severe congestive heart failure. A.R. and V.M. were men and F.C., S.B., and A.P. had undergone hysterectomy. The administration of estriol increased the ASR significantly (in excess of 20%o) in 7 out of 11 patients; these increases ranged from approximately 100 to 900%o above control levels and occurred within the shortest time period studied (5 days) after initiation of steroid treatment. The least amount of estriol which appeared to be effective in increasing ASR was about 20 mg/day (one subject out of three responded) ; while amounts of estriol in the higher ranges of those produced in pregnancy (40 mg/day) induced consistent and pronounced elevation in the ASR in all but one subject (J.N. ways in which estrogens might evoke increases in ASR in man. The effect of estradiol on the urinary excretion of these electrolytes is depicted in Figs. 3 and 4 . Subject L.R. (Fig. 3 ), a patient with emphysema, had a marked increase in sodium excretion in the first 24 hr after estradiol administration, followed by a prolonged period of sodium retention, due presumably to the increase in ASR induced by estradiol. There was little if any potassium retention in the first 2 days of estrogen treatment. Subject S.S. (Fig. 4 ) also appeared to have a transient sodium diuresis in the first 48 hr after estradiol administration. The injection of estriol in two patients also appeared to be associated with a very early and transient natriuresis, as shown in Figs. 5 and 6. The effect was marked in subject V.C. (Fig. 6 ) who was a patient with congestive heart failure exhibiting a significantly positive sodium balance on an intake of 27 mEq/day. Although she had been excreting less than 5 of the 27 mEq of sodium intake per day during the control period, on days 1 and 3 of estriol treatment (the urine of the 2nd day of estriol treatment was lost) the urine sodium rose to 32 and 20, respectively, with suggestive reciprocal changes in potassium excretion. Subsequently during the remainder of the estriol treatment period, the urinary sodium returned to its previous low levels, in keeping with the measured increase in ASR.
Discussion
Estriol is, under normal circumstances, i.e. in the nongravid state, derived from the in vivo biotransformation of estrone and estradiol in man. Studies of estrogen metabolism in, pregnancy, however, have indicated that a considerable amount of estriol excreted in urine may arise from other chemical pathways (23) in which 16a-hydroxydehydroepiandrosterone sulfate (24) and dehydroepiandrosterone sulfate (25) are important steroid precursors of estriol, and that the placenta is a major site of this biotransformation (26) . The activity of estriol in "classical" tests of estrogenic function is strikingly less than that of estradiol, and estrone (27) ; nevertheless, its extraordinary production rate during gestation raises the possibility that any biological properties which it might be shown to possess could contribute to certain of the physiological alterations which accompany normal human pregnancy.
The present studies show that with respect to elevation of the plasma levels of cortisol and thyroid hormone-binding globulin activity in man the metabolite estriol does not possess more than a small fraction of the activity of its ovarian precursor hormone estradiol. With due consideration of the fact that this conclusion is drawn on the basis of only short-term studies, this difference in potency between estriol and estradiol indicates that the sustained increase in CI3G and TBG during pregnancy may result primarily from biological actions of the latter hormone, or perhaps derivatives which are structurally distinct from estriol, or which undergo different pathways of metabolism in vivo. The latter is an important consideration, since one reason why estriol did not produce an increase in the level of plasma-binding protein activity in this study may relate to the markedly higher rate of renal -disposal of this compound, compared with estradiol (28).
Estradiol did not consistently affect the rate of cortisol secretion in this study. As noted, two of the estriol-treated subjects increased their CSR by 50%o or more during treatment with this steroid and there was a small but highly significant increase in the mean CSR of the entire estriol- treated group. Since both subjects with marked increases in CSR after estriol had a low CSR during the control period, it is conceivable that estriol treatment facilitated, or possibly coincided with, a spontaneous increase of adrenal activity in these otherwise chronically ill patients. However, this did not occur in the two estradiol-treated subjects with low control rates of cortisol secretion; in any case, the CSR did not exceed the normal range in any subject despite relatively intense, shortterm, estrogen treatment. The results are consistent with other observations on the CSR after the administration of synthetic estrogens (29, 13) .
The most noteworthy findings in this study relate to the ability of estradiol and estriol to increase, sometimes to strikingly high levels, the rate of secretion of aldosterone in man. The effect could be demonstrated at low or high levels of salt intake (high and low base line ASR control values, respectively) and in at least one patient with primary aldosteronism as well. The stimulatory action of estriol and estradiol on the ASR is of special relevance to the situation in pregnancy since the ASR is known to increase substantially at this time.
The mechanism of the increased aldosterone production which occurs during pregnancy is not clearly understood. An important stimulant to the ASR at this time is the large amount of progesterone which is produced during gestation. This steroid has been shown to competitively inhibit aldosterone action at the renal tubular level (30) , an effect which, as would be expected, results in a compensatory increase in aldosterone secretion (31) .
It is clear from the present study that the striking increase in estradiol and estriol production which occurs in pregnancy may also contribute to the elevated ASR which characterizes the gravid state. The mechanism(s) of this apparently paradoxical effect is not clear although it could be explained if it could be shown that these steroids, like progesterone, were natriuretic substances. The preliminary observations reported here suggest this possibility although their tentative nature is emphasized. Layne and associates (13) (32) . The latter report, however, shows a small transient net average sodium chloride loss on day 1 in the estrogen-treated group, although data for individual subjects are not given. The patients reported here (Figs. 3-6 ) also had a transient negative sodium balance in the initial period of estradiol or estriol treatment. This was generally followed by sustained sodium retention, and in one subject (J.N., Fig. 5 ) by a clear "escape" phenomenon like that seen in the Preedy and Aitken study (32) and similar to that which is observed when aldosterone is administered to normal subjects (33) . The results strongly suggest that the apparent "salt-retaining" activity of these estrogens may in fact be attributed to the increased aldosterone secretion which they stimulate. Lack of consistent and marked reciprocal changes in potassium balance are not at all unusual, even when large amounts of aldosterone are administered (33) .
If a transient natriuretic response consistently follows estrogen administration, the resultant stimulation of aldosterone secretion could ensue via stimulation of renal renin production. Indeed plasma renin activity is known to be elevated in human gestation (34) and has recently been found to increase after estrogen administration (35) .
In addition to its usual renal source, however, the increased plasma renin during pregnancy may be largely derived from uterine stores (36) . The enzyme can be found in amniotic fluid (37) and will form angiotensin II (38) , but apparently does not respond to the same physiologic stimuli, i.e., salt loading and hypervolemia, that suppress renal renin production (39, 40) . This could provide another possible sustained stimulus to aldosterone production in pregnancy.
It is of interest that androgens, like progesterone, have also been shown to compete with aldosterone at the renal tubular level (41, 42) . Indeed older studies by Kenyon and his coworkers (43) demonstrate a renal "escape" from testosterone-induced sodium retention which could well be mediated by aldosterone. More conclusive evidence of a similar property for estrogens would extend the spectrum of aldosterone antagonism to another class of natural hormones and one which, like progesterone, would have particular relevance to the alterations in ASR seen in pregnant women.
Mechanisms other than natriuresis for estrogen stimulation of aldosterone secretion are of course entirely possible and may for example include direct actions on the adrenal cortex, direct stimulation of renal renin production (and of uterine renin production as well in pregnancy), and alterations in the metabolism of relevant substances such as renin, renin substrate (44) , angiotensin, progesterone, etc. Whatever this mechanism(s) proves to be, it is likely that this class of steroids, and particularly estriol, plays a significant role among the factors that evoke and sustain the striking hyperaldosteronism which characterizes the gravid state.
